In this paper, we characterized aluminum/sapphire interface structure by using high-resolution transmission electron microscopy. It was found that step structures of sapphire formed at the aluminum/sapphire interfaces during the liquid-phase bonding. It was discovered that the addition of silicon in aluminum significantly reduces the step growth at the interface. Silicon was found to segregate and precipitate at the interface. These results suggest that the strong preference of silicon at the interface may inhibit the step growth reactions during liquid-phase bonding.
Introduction
Aluminum(Al)/ceramic hetero-interface systems have diverse technological applications such as microelectronics, surface acoustic devices, composites, joints and thermal barrier coating. [1] [2] [3] [4] [5] [6] [7] [8] [9] A major application of Al/ceramic substrate system is in power electronic device, which requires device reliability in severe application conditions. Thus, interface strength between Al metal and ceramics is of primal importance. Insertion of aluminum alloy and other metal alloy interlayers at the metal/ceramic interface has proven to be an effective bonding technique for high interface bonding strength. 10) In industries, Al-Silicon(Si) alloy is typically used to lower the bonding temperature. However, the fundamental mechanism of Al/ceramic hetero-interface formation, Si behavior during the bonding processes, interface structures and interfacial strength have not been clarified in detail.
In the present study, high-resolution transmission electron microscopy (HRTEM) was used to investigate the stable orientation relationships and atomic structures of Al/ sapphire(-Al 2 O 3 ) interfaces formed by liquid-phase bonding at high temperatures. We also investigated the Al-Si alloy/-Al 2 O 3 interfaces formed by the same bonding method.
Experimental Procedure
A ''sandwiched'' structure of -Al 2 O 3 (0001)/Al or Al-10 mass%Si alloy/-Al 2 O 3 (0001) was fabricated in vacuum ($10 À5 Pa) using a hot-press process with a constant load of 0.5 MPa. Figure 1 shows the schematic of the samples fabricated in this study. The sandwiched structure ofAl 2 O 3 (0001)/Al/-Al 2 O 3 (0001) was fabricated at 675 C, which is above the aluminum melting temperature (660 C). The aluminum metal foil is in 99.99 mass% purity. While the sandwiched structure of -Al 2 O 3 (0001)/Al-10 mass%Si alloy/-Al 2 O 3 (0001) was fabricated at 645 C and 610 C, which is also above the eutectic temperature of Al-Si alloy (577 C). TEM samples were prepared by a standard procedure, using ion thinning method. The cross-sectional interface structure observations and diffraction analyses were performed using TEMs (JEOL JEM-4010, JEM-2010) operated at 400 KV and 200 KV, respectively. Compositional analysis of the interfaces were performed by a scanning transmission electron microscope (JEOL JEM-2100F) combined with energy dispersive X-ray (EDX) analysis and electron energy loss spectroscopy (EELS) analysis. Figure 2 shows the TEM and HRTEM images of pure Al/-Al 2 O 3 interface fabricated by liquid-phase bonding. The TEM image in (a) clearly shows that the step structures of sapphire, ranging from a few nanometers to $80 nm, are formed at the interface during the bonding processes, although the initial substrate surface is expected to be atomically flat. The detailed diffraction analysis showed that there seems to be no strong preferred orientation relationships (OR) between Al and -Al 2 O 3 . The HRTEM image in shows that the Al/-Al 2 O 3 interface is atomically sharp in between these steps. The formation of step structures at the hetero interface was also reported by X. S. Ning et al.
Results and Discussion

Pure aluminum/sapphire interface
11)
HRTEM image of a step at the interface is shown in Fig. 3 . It is confirmed that the step takes -Al 2 O 3 structure, which is epitaxially grown on the sapphire substrate. Since aluminum metal is easily oxidized, many previous studies on wetting of molten aluminum on sapphire have considered aluminum oxidation at the interface. 12, 13) It has been proposed by Levi and Kaplan 13) that, in the temperature range of 660 C < T < 1100 C (which corresponds to the present bonding condition), molten aluminum oxidation is favored even under low oxygen pressure condition. In fact the in-situ HRTEM observation showed similar results of liquid Al on sapphire wherein oxygen from the microscope column permeated the interface and deposited as Al 2 O 3 by epitaxial growth. 5) Consistent with these earlier studies on aluminum oxidation at the interface, the present results suggest that molten Al and oxygen from the bonding environment and/or Al native oxide layer may react to each other to form epitaxial Al 2 O 3 step structures during the bonding processes. Figure 4 shows the TEM and HRTEM images of an Al-10 mass%Si alloy/-Al 2 O 3 interface fabricated at 645 C. The detailed diffraction analysis showed that there seems to be no strong preferred orientation relationships between AlSi alloy and -Al 2 O 3 . It is clear that the step structures were formed at the interface but the step height was significantly reduced compared with the pure Al case. The step height was reduced by a factor of $1=4 with the addition of silicon. In between the steps, atomically sharp interfaces were formed as shown in Fig. 4(b) . In these atomically sharp interface regions, silicon peak was detected by TEM-EDS analysis as shown in Fig. 5(a) . Although the precise evaluation of Si amount at the interface requires more quantitative approaches such as STEM box scan technique, 14) our results clearly demonstrate that Si atoms tend to segregate to the interface region. In addition to Si segregation at the atomically sharp interface region, silicon precipitates were found as indicated in Figs. 4(a) and 6. Figure 6 shows HRTEM images of the interfaces between silicon precipitates and sapphire substrate formed under (a) 645 C and (b) 610 C bonding temperatures. These precipitates were confirmed to be Si by electron diffraction and STEM-EELS analyses. These Si precipitates show preferential orientation relationships with the sapphire substrate, whereas they show no preferential orientation relationships with Al-Si alloy. At higher temperature bonding condition (645 C), a stable OR between epitaxial Si and -Al 2 O 3 substrate was determined to be [1
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The same preferred OR was also reported for silicon thin film deposited on sapphire using vacuum evaporation method. 15) At lower temperature bonding condition (610 C), a stable OR between the Si precipitate and the -Al 2 O 3 substrate was determined to be [
, which is different from that formed at higher temperature bonding condition. In both temperatures, silicon precipitates formed atomically sharp interfaces with sapphire (0001) surfaces.
Geometrically preferred orientation relationships between silicon and sapphire were predicted by the coincidence of reciprocal lattice point (CRLP) calculations. 16, 17) This method estimates the lattice matching between two crystal lattices in reciprocal space. The reciprocal lattice points of two crystals were replaced by finite spheres, and one of the two crystals is rotated about two orthogonal axes of the other crystal and the total overlapped volume of each reciprocal sphere is calculated for each set of rotation angles, and . Thus, peaks of the total overlapped volume are obtained for the set of rotation angles that indicate the orientation relationship having good lattice matching. Figure 7(a) shows the 3-D profile of the overlapped volumes of silicon and sapphire reciprocal lattices rotated around the and rotation axes. A cross-sectional profile sliced at ¼ 90 of Fig. 7 (a) is shown in Fig. 7(b C and 610 C, respectively. These results suggest that the present Si precipitate/sapphire interfaces are geometrically stable ones.
18) The overlapped volume of the highest three peaks had similar values, which suggests the ease of changing from a secondary OR to a more stable OR with the proper processing conditions such as what was observed in the higher temperature bonding process. It is considered that a bonding temperature of 645 C is enough to form a very stable orientation relationship of Si and -Al 2 O 3 , and thus a stable interface.
Experimentally found strong preference of silicon at the interface suggests that aluminum oxidation at the interface may be strongly influenced by the Si segregation. Both silicon and aluminum can be easily oxidized at normal processing conditions because of their low equilibrium oxygen partial pressures. A competition between aluminum oxidation and silicon segregation at the interface can then be High-Resolution Transmission Electron Microscopy Observation of Liquid-Phase Bonded Aluminum/Sapphire Interfacesproposed for the possible mechanism of the inhibition of the Al 2 O 3 step formation. The formation of silicon precipitates with stable interface structures may also be one of the reasons to inhibit step growth reaction at the interface.
Conclusions
Al/sapphire hetero interfaces were fabricated by liquidphase bonding method and characterized by HRTEM. We found that aluminum and sapphire did not exhibit preferred crystallographic orientation relationships under the present bonding conditions. During the bonding processes, step structures of sapphire were formed at the interface. It is suggested that the oxygen from the bonding environment and/or native Al oxide layer may react with molten Al to form epitaxial Al 2 O 3 step structures at the interface. The addition of silicon to Al was found to significantly reduce the formation of sapphire step structures at the interface. Silicon tends to segregate to the interface and even form epitaxial Si precipitates. The observed strong preference of Si to the interface should suppress the step forming reactions at the interfaces. 
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